1. Introduction
===============

Pertussis is a highly contagious upper respiratory infection caused by *Bordetella pertussis* and is a poorly controlled vaccine-preventable disease. Since 1980, the incidence of pertussis has been increasing periodically in the United States with a peak in every 3 or 4 years. There were 6568 cases reported in 1993 and 25,827 cases reported in 2004.^\[[@R1],[@R2]\]^ In Australia, 6000 pertussis cases were reported in 2000 and 9000 cases were reported in 2005.^\[[@R3]\]^ Despite universal immunization of children with pertussis component vaccines, the incidence of pertussis has recently increased dramatically in many countries that previously achieved good control of pertussis.^\[[@R1]--[@R7]\]^ The waning immunity of vaccinated individuals might contribute to the resurgence of pertussis.^\[[@R4]--[@R7]\]^

Besides high incidence of pertussis in infants, the burden of pertussis has recently increased considerably among adolescents and adults whose vaccine-induced immunity has waned.^\[[@R8]\]^ This epidemiological feature is more obvious in the areas with higher coverage of pertussis immunization for infants. For example, pertussis cases in adolescents and adults in European and American countries accounted for more than 50% worldwide.^\[[@R9]--[@R11]\]^ In Canada and Australia, adolescents and adults also became the most susceptible age groups.^\[[@R12]\]^ Pediatric immunization has not decreased the incidence of pertussis in older individuals or the occurrence of outbreaks, nor has it eliminated the transmission of infections to non-immunized children. One study carried out in Canada, France, Germany and the USA showed that 76% to 83% infants with pertussis had been infected by their family members.^\[[@R13]\]^ Adolescents and adults are hosts of *Bordetella pertussis* and can be sources of pertussis for young infants, who have the highest risk of pertussis-related complications, hospitalization, and death rate.^\[[@R14]--[@R16]\]^

The resurgence of pertussis has attracted attentions of many countries, and acellular pertussis vaccines combined with tetanus and diphtheria (Tdap) vaccine that can induce higher levels of immunogenicity in adults and adolescents were recommended to adults and adolescents by the American Committee on Immunization Practices (ACIP) in 2006.^\[[@R17]\]^ Many developed counties such as USA, Australia, Canada, France, and Germany etc. have revised their pertussis immunization schedule on adolescents and adults in recent years and recommended boost immunization with at least 1 dose of pertussis component vaccine. For example, 2 additional boosts have been recommended for adolescents aging between 14 and 16 years of age and once again for adults in Canada.^\[[@R3],[@R18]\]^ In the United States, adolescents of 11 to 18 years of age are recommended 1 dose of Tdap, and another dose of Tdap for people of 19 to 64 years of age.^\[[@R19]\]^ However, in China, there are only pertussis immunization schedules for infants, without immunization strategy for adolescents and adults.

Many countries have carried out clinical trials to evaluate the effectiveness and the safety after immunizing with pertussis containing vaccines in adolescents and adults,^\[[@R20]--[@R24]\]^ but there is no systematic evaluation on adverse and protective effects. Recently, there are some assumptions showing that both the absolute and relative effectiveness of the pertussis containing vaccines might not be valid, and experts are even going to remove pertussis from its position as the leading vaccine-preventable disease in the United States.^\[[@R25]\]^

In this systematic review and meta-analysis, we assessed the effectiveness and safety of those pertussis-containing vaccines currently on the market for adolescents and adults, aiming to provide the optimal evidence-based immunization strategy for adolescents and adults. Our results will help the countries who are hesitating to recommend pertussis containing vaccine for adolescents and adults to make decisions and may help in selecting the optimal vaccination strategies.

2. Materials and methods
========================

2.1. Search strategy
--------------------

The study is a systematic review and so it doesn't involve the ethical approval. The electronic databases including PubMed, Cochrane library, web of knowledge, MEDLINE, CNKI (Chinese National Knowledge Infrastructure databases), VIP Database for Chinese Technical Periodicals were searched for studies on pertussis vaccine from inception to November 2nd, 2018. The search strategy was as follows: whooping cough OR pertussis vaccine OR diphtheria-tetanus-pertussis vaccine OR diphtheria-tetanus-acellular pertussis vaccines OR diphtheria pertussis vaccines OR diphtheria--tetanus--pertussis whole cell. The search strategy varied according to the characteristics of different databases. Trials published in any language were included. In addition, the reference lists of relevant trials and reviews that we identified were screened to examine additional trials.

2.2. Inclusion criteria
-----------------------

All clinical trials that adopted acellular pertussis vaccine or reduced-antigen-content diphtheria-tetanus-acellular pertussis vaccine (intervention group) and non-pertussis component vaccine (control group) to vaccinate adolescents or adults were identified. Adolescents were defined as teenagers between 10 and 18 years old in this study.

2.3. Outcome measurement
------------------------

The effectiveness related outcomes included vaccine protection, vaccine response, and geometric mean concentration calculation. Vaccine response for each pertussis antigen was defined as post-vaccination antibody concentration above the assay cut-off value in initially seronegative subjects, or a 2-fold or 4-fold increase in pre- to post-vaccination antibody concentrations in initially seropositive subject level. Adverse effects were also evaluated by comparing the incidences of local and general adverse events including swelling, chill or shiver, fever, vomiting, etc. after receiving the pertussis component vaccine.

2.4. Study selection
--------------------

Two reviewers independently screened the citations and abstracts of all the identified trials and excluded trials that clearly did not meet the inclusion criteria. Full articles of potential eligible trials were retrieved for further assessment. Disagreements among 2 reviewers were resolved by discussion, according to Cochrane guidance.

2.5. Data extraction
--------------------

The following data were extracted from each included trial using a pre-designed data extraction form:

1.  general information, including authors, publication year, and country;

2.  study design and methods;

3.  participant characteristics and sample size;

4.  intervention, including vaccination name, component, dose, manufacture, and follow-up time;

5.  outcome measures, including vaccine protective rate, vaccine response rate, antibody titers, and adverse effects.

Data extraction was done by 2 reviewers independently. Any disagreements were resolved through discussion or consulting a third independent reviewer.

2.6. Risk of bias assessment
----------------------------

Methodological quality of the included trials was assessed by 2 reviewers. In case of uncertainty during the assessment, a third reviewer was consulted. A total of 17 clinic trials were assessed according to Cochrane Collaboration checklist for assessing risk of bias.^\[[@R26]\]^ The Cochrane risk of bias tool includes 6 items designed to assess sequence generation, allocation concealment, blinding, incomplete outcome data, selective outcome reporting, and other potential sources of bias. Each item was valued as "low risk", "high risk" or "unclear risk".

2.7. Statistical analysis
-------------------------

Because fewer studies in entered trials reported vaccine effectiveness and the antibody levels tested in these trials were expressed in different units, so we qualitatively described the effectiveness of variable pertussis component-containing vaccines by serological indicator. Vaccine response rate and antibody titer was used to qualitatively assess vaccine effectiveness. We also calculated rate ratio (RR) and 95% confidence intervals (CI) as well as vaccine protective rate to assess vaccine effectiveness. Meta analyses, performed by Review Manager 5.2.0 software, were used to assess the safety of pertussis component-containing vaccines. The outcomes of dichotomous data were assessed as mean difference (MD) and odds ratio (OR) respectively, with 95% CI. Assessment for heterogeneity was calculated using the Cochrane Q Chi-Squared and *I*^\[[@R2]\]^ tests. When the test for heterogeneity showed *P* \< .1 or *I*^2^ \> 50%, the data was considered as high heterogeneity. A random effect model was used for high heterogeneity data, and a fixed effect model was used for homogeneous data. We conducted subgroup analysis according to different dose of the pertussis toxoid in the component of vaccine. All the outcome analyses were assessed for sensitivity using the leave-one-out sensitivity analysis by Stata 12.0 software. Because the number of included studies in each outcome was less than ten, publication bias was not assessed. For other analysis if not specifically mentioned, a *P* value of .05 was considered to be statistically significant.

3. Results
==========

3.1. Search results
-------------------

We identified 22,851potential articles from the 6 databases. After duplication check, the search yield was 19,347. Of which, 19,019 were excluded due to clearly irrelevant and 346 full-text articles were retrieved. A total of 17 clinic trials^\[[@R9],[@R20]--[@R24],[@R27]--[@R32],[@R16],[@R33]--[@R36]\]^ met the inclusion criteria and were included in qualitative synthesis. Finally, 6 trials about vaccination safety comparing dTap with Td^\[[@R20],[@R22],[@R23],[@R27]--[@R29]\]^ and 4 trials about vaccination safety comparing acellular pertussis(ap) with placebo^\[[@R9],[@R24],[@R30],[@R32]\]^ were included in meta-analysis. Figure [1](#F1){ref-type="fig"} shows the study selection process in a PRISMA flowchart.

![PRISMA flowchart of literature search.](medi-98-e15281-g001){#F1}

3.2. Description of the included trials
---------------------------------------

The sample sizes of the included trials were ranged from 24 to 4241 participants, with a total of 14,878 participants in the 17 trials. Five^\[[@R9],[@R20],[@R28],[@R24],[@R35]\]^ studies reported data on gender ratio between groups, while the others^\[[@R21]--[@R23],[@R27],[@R29]--[@R32],[@R16],[@R34],[@R35],[@R37]\]^ studies did not mention the gender ratio. The participants were aged from 11 to 73 years old. All the trials were carried out in developed countries, of which 7 studies were conducted in USA, while the other 10 studies were in Belgium, Netherlands, Spain, Denmark, Canada, Japan, Sweden, Britain, German, France or Australia. A total of 16 clinical trials reported serological outcome data, but only one reported the vaccine effect. Seven trials compared dTap with Td,^\[[@R20]--[@R23],[@R27]--[@R29]\]^ 5 compared ap with placebo,^\[[@R9],[@R24],[@R30]--[@R32]\]^ 3 compared ap with hepatitis A vaccine (HA),^\[[@R16],[@R34],[@R35]\]^ 1 compared ap with meningococcal vaccine (MN),^\[[@R36]\]^ and 1 compared dTpa-IPV with dT-IPV.^\[[@R35]\]^ The longest observation time of adverse effects after vaccination was 6 months, and the follow-up time of effectiveness after vaccination was from 7 days to 18 months. The characteristics of the included studies are shown in Table [1](#T1){ref-type="table"}. The risk of bias in included studies was assessed. Fifteen clinical trials mentioned that patients were randomly allocated to intervention group and control group, but only 9 trials described how the random sequences were generated. Eight trials mentioned the allocation concealment methods, 9 trials mentioned the blinding of participants while 8 trials mentioned the blinding of outcome assessment (Table [2](#T2){ref-type="table"}).

###### 

Characteristics of the included studies.
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###### 

Risk of bias assessment of the clinic trials.
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3.3. Effectiveness (qualitative analysis)
-----------------------------------------

### 3.3.1. Protective rate

Only 1 clinic trial with a sample size of 2781 healthy subjects aged from 15 to 65 years old^\[[@R34]\]^ reported the outcome of vaccine. It defined the case with cough lasted for more than 5 days as the first case of pertussis. The intervention group received a dose of acellular pertussis vaccine and control group received a hepatitis A vaccine. All the subjects were followed up for 2.5 years. The results showed that the intervention group had lower incidence rate (72 cases of pertussis per 100,000 persons) than the control group (647 cases of pertussis per 100,000 persons) \[RR = 0.11, 95% CI: 0.01--0.88, *P* = .04\], and the vaccine efficacy (VE) of acellular pertussis vaccine reached 88.89%.

### 3.3.2. Vaccine response rate

Ten trials^\[[@R9],[@R20]--[@R22],[@R24],[@R28],[@R29],[@R33],[@R35],[@R36]\]^ compared dTap or ap group with control group that did not receive pertussis component vaccine. The seropositive rate of pertussis antibodies after interventions was analyzed. These trials reported that the seroprotection rate of anti-pertussis toxoid (anti-PT) was from 68% to 99.3%, and 9 trials reported the seroprotection rate of anti-filamentous haemagglutinin (anti-FHA) was from 76% to 100%. The seroprotection rate of anti-pertactin (anti-PRN) tested in 7 trials was from 94.5% to 100%. Only 3 trials mentioned the seroprotection rate of anti-fimbriae (anti-FIM), which was from 3% to 94.9% (Table [3](#T3){ref-type="table"}). Although the 10 trials adopted different cut-off values in defining vaccine response, occurrence of seroconvertion can represent the seroprotection after immunization.

###### 

Vaccine response rate of pertussis antibodies after immunization of adolescents and adults.
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### 3.3.3. Antibody titer

Six trials^\[[@R22],[@R24],[@R29]--[@R31],[@R33]\]^ reported the concentration of pertussis antibodies in serum at pre-vaccination and post-vaccination stages. The geometric mean titers in 4 trials were expressed by EU/ml, and expressed by μg/ml in the other 2 trials (Table [4](#T4){ref-type="table"}). Because the antibody levels in these included trials were expressed by different units, the results were impossible to integrate. In trials expressed by EU/ml, the lowest mean concentrations of anti-PT, anti-FHA, anti-PRN, anti-FIM at post-vaccination with 1-month follow up were 38.38 EU/ml, 353.81EU/ml, 304.31EU/ml, and 5.06EU/ml, respectively, increasing 17.45, 27.90, 24.84, and 1.02 times compared with pre-vaccination, respectively. The highest mean concentrations of above antibodies at post-vaccination with 12-month follow up were 4.0, 9.9, 18.8, and 2.3 times higher than pre-vaccination, respectively. Only one trial extended the observation time for 18 months, and all of the antibody levels in this trial maintained at a stable level compared with the antibodies level at the 12th month. Additionally, all the antibodies titers gradually declined from 1 month to the 12th month in all trials, but the titers remained substantially higher than that in pre-vaccination.

###### 

Immunity to pertussis antibodies at pre-vaccination and post-vaccination.
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3.4. Adverse effects (Meta analysis)
------------------------------------

Nine trials reported the adverse effects, including 6 that comparing dTap with dT.^\[[@R20],[@R22],[@R23],[@R27]--[@R29]\]^and 3 trials comparing ap with placebo among adolescents and adults.^\[[@R24],[@R30],[@R31]\]^ In contrast, the trials comparing ap with HA and dTap-IPV with dT-IPV did not report any adverse effects.

### 3.4.1. dTap vs dT

The results showed that the incidence of nausea^\[[@R20],[@R27],[@R28]\]^ \[RR = 1.26, 95%CI: 1.01, 1.57\] and vomiting^\[[@R20],[@R23],[@R27],[@R29]\]^ \[RR = 2.08, 95%CI: 1.21,3.58\] in dTap group were significantly higher than those in dT group (Fig. [2](#F2){ref-type="fig"}E and F). The higher incidence of nausea and vomiting in dTap group was not changed in sensitivity analysis (Fig. [3](#F3){ref-type="fig"}A and B). The overall incidences of fever were not statistically significant different between dTap group and dT group \[RR = 1.06, 95%CI: 0.58, 1.94\] (Fig. [4](#F4){ref-type="fig"}A). In subgroup analysis according to different doses of pertussis toxoid, the incidence of fever in the dTap groups with PT \< 8μg were significantly higher than those in dT group \[RR = 1.61,95%CI:1.02,2.52\], while the PT ≥ 8μg subgroups showed no statistically significant differences between dTap group and dT group (Fig. [4](#F4){ref-type="fig"}A). The incidence of fever was not statistically different between the 2 groups in sensitivity analysis (Fig. [3](#F3){ref-type="fig"}C). One clinical trial^\[[@R20]\]^ reported the incidence of cough was 0.38% (11/2873) in dTap group and 1.93% (26/1348) in dT group \[RR = 0.2, 95%CI: 0.10, 0.40\]. There were no statistically significant differences between dTap group and dT group in the incidence of other adverse effects (Fig. [5](#F5){ref-type="fig"}, Fig. [2](#F2){ref-type="fig"}A--D and Fig. [4](#F4){ref-type="fig"}B and C). The pooled estimates of no significant differences were not changed in each individual sensitivity analysis by leaving one out approach (Fig. [3](#F3){ref-type="fig"}D--J).

![Forest plot of adverse effects in comparison of dTap with dT. (A) Injection site erythema or redness. (B) Headache. (C) Fatigue. (D) Myalgia. (E) Nausea. (F) Vomiting. dTap: reduced-antigen-content diphtheria-tetanus-acellular pertussis; Td: diphtheriatetanus-toxoid vaccines.](medi-98-e15281-g006){#F2}

![Sensitivity analysis. (A) dTap vs dT in nausea. (B) dTap vs dT in vomiting. (C) dTap vs dT in fever. (D) dTap vs dT in injection site erythema or redness. (E) dTap vs dT in headache. (F) dTap vs dT in fatigue. (G) dTap vs dT in myalgia. (H) dTap vs dT in swollen joint. (I) dTap vs dT in chills. (J) dTap vs dT in injection site swelling. (K) ap vs placebo in headache. (L) ap vs placebo in injection site erythema or redness.](medi-98-e15281-g007){#F3}
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Only 1 trial^\[[@R28]\]^ reported severe adverse events of dTap vaccination. The incidence of severe adverse events for dTap at 1-month and 6-month post-vaccination were 0.7% and 4.2%, respectively, however, the incidence of severe adverse events for dT was 0.9% \[RR = 0.75, 95%CI:0.21,2.64\] and 2.2% \[RR = 1.85, 95%CI:0.93,3.68\] at 1-month and 6-month post-vaccination, respectively. There was no statistically significant difference between dTap group and Td group in the incidence of severe adverse events.

### 3.4.2. ap vs placebo

There was no statistical significant difference between ap group and the placebo group in the incidence of headache \[RR = 0.96, 95%CI: 0.59, 1.55, *P* = .87\] (Fig. [6](#F6){ref-type="fig"}A) and injection site erythema or redness \[RR = 0.62, 95%CI:0.27,1.42, *P* = .26\] (Fig. [6](#F6){ref-type="fig"}B). The pooled estimates did not changed in sensitivity analysis in the incidence of headache and injection site erythema or redness (Fig. [3](#F3){ref-type="fig"}K and L).

![Forest plot of adverse effects in comparison of ap with placebo. (A) headache. (B) Injection site erythema or redness. ap: acellular pertussis.](medi-98-e15281-g010){#F6}

4. Discussion
=============

This study showed that acellular pertussis vaccine in adolescents and adults was effective. The vaccine efficacy reached 88.89%, which was higher than 84% yielded by 1 meta-analysis about ap vaccine effectiveness for children.^\[[@R37]\]^ For the limited observation period of mean concentrations of pertussis antibodies in our entered trials, we only examined the short-term effectiveness of acellular pertussis containing vaccine for the adolescents and adults. Though the geometric mean titer of each pertussis antibody decreased over time, recent data indicate that even low levels of Ig antibody to PRN in children are highly protective and that antibodies to PT and FIM also contribute to protection.^\[[@R33]\]^ Based on the assumption that similar levels of antibody in adolescents and adults can offer the same protection as do those observed in children, our study suggests that 1 recommended dosage of pertussis vaccine in adolescents and adults is sufficient.

In this meta-analysis, it appeared that acellular pertussis component containing vaccine was quite safe. Except for statistically higher incidence of nausea and vomiting in dTap group than dT group, there was no significantly higher incidence of local or systemic reactions in the pertussis component groups. The Centers for Disease Control and Prevent (CDC) in US has reported that the incidence of gastrointestinal reaction (nausea, vomiting, diarrhea, and stomach ache) after vaccinating dTap was up to 1 in 4 adolescents or 1 in 10 adults, whereas there were no gastrointestinal reactions after vaccinating dT.^\[[@R38]\]^ In this meta-analysis, we found similar results, and the low incidence of nausea and vomiting suggests these gastrointestinal reactions are acceptable. The overall incidence of fever was not statistically significant different between dTap group and dT group, but subgroup analysis showed significant difference between dTap groups with PT ≤ 8 μg and dT groups ^\[[@R20],[@R27]\]^. We speculate that this may be caused by the different content of vaccine component from different manufacturers. The content of PT, FHA, PRN and FIM of dTap vaccine in SmithKline Beecham\'s trial was higher than Pasteur\'s, but the content of diphtheria toxoid and adjuvant in SmithKline Beecham\'s were lower than Pasteur\'s. These data demonstrate the potential routine use of pertussis component vaccine in adolescents and adults.

Heterogeneity was found in the pooled estimations of injection site swelling, fever, and chill. After we conducted subgroup analysis according to different dose of pertussis toxoid, the relative high heterogeneity in some pooled data were reduced significantly, suggesting that the dosage and composition in different vaccines might be the source of heterogeneity in the pooled estimations of adverse effects. It should be noted that all of the 17 trials were carried out in developed countries, and the pertussis component containing vaccines in trials were from the world-famous pharmaceutical enterprises such as GlaxoSmithKline, SmithKline Beecham, Pasteur, etc. Therefore, the results in this review might better guide the application in countries who adopt above vaccines or the countries who use the same component content vaccines as this study. Although we did not exclude the trials which were assessed as high risk of bias based on our inclusion criteria, we performed sensitivity analysis to check whether the trials with high risk of bias would affect the results of our meta-analysis. The pooled estimate with good stability was included. Our results by leave-one-out sensitivity analysis showed that the pooled estimates were not changed in each individual sensitivity analysis. Thus, the trials with high risk of bias were also included.

What we found can promote the trials and application of acellular pertussis among adolescents and adults in some countries, such as China. Moreover, current practice will stimulate more countries to carry out some trials based on our suggests including unified evaluation indexes (VE), unified measurement units (EU/ml) and more than 5 years of follow-up time.

4.1. Limitations
----------------

1.  The vaccine efficacy was the optimal index representing the effectiveness of pertussis containing vaccine, however, only 1 trial^\[[@R37]\]^ reported the incidence of pertussis case at post-vaccine. In addition, because the control group was not immunized with pertussis content vaccines, we could not compare the serological outcome of pertussis between ap group and control group. Therefore, we are unable to analyze the effectiveness of pertussis vaccine by meta method in our research.

2.  Generally, the follow-up time of the vaccines in entered trials were too short, and the longest observation time in effectiveness was only 2.5 years. One trial^\[[@R39]\]^ reported the average duration of protective immunity to pertussis after the fifth dose of children DTaP was 3 to 4 years, and thus the observation time of 2.5 years could not reflect the immune effect about pertussis vaccine enough.

3.  The cut-off values of antibody concentration were defined differently in entered trials and the antibody levels were expressed by different units, so we described the serological results in each study instead of comparing the results of all trials.

4.  We did not assess the publication bias because the number of included trials was less than 10 in every outcome^\[[@R39]\]^.

5.  Given the limited number of studies included in the analysis, our results may have publication bias and the findings from our meta-analysis should be confirmed in future researches. These limitations above made it difficult to accurately estimate the long-term effects of the pertussis component vaccines.

4.2. Future direction
---------------------

More studies based on developing countries with pertussis containing vaccines from different manufacturers are needed, in which VE should be reported as main outcome and a unified unit is needed to test antibody levels. And the follow-up time of immune effect should be lasted for more than 5 years.

5. Conclusions
==============

In summary, our findings suggest that acellular pertussis component containing vaccines are quite safe and at least have short-term effect for adolescents and adults except for significant difference in gastrointestinal reaction (nausea, vomiting). The adverse event of acellular pertussis containing vaccines is similar to, even less than that of placebo or other vaccines. Acellular pertussis containing group had higher antibody titer at 18 months of post-vaccination and had higher vaccine efficacy of 88.89% in 2.5 years.
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